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microRNAs (miRNAs) have emerged as key components in the eukaryotic gene regulatory network. We and others have pre-
viously identified many miRNAs in a unicellular green alga, Chlamydomonas reinhardtii. To investigate whether mi- 
RNA-mediated gene regulation is a general mechanism in green algae and how miRNAs have been evolved in the green algal 
lineage, we examined small RNAs in Volvox carteri, a multicellular species in the same family with Chlamydomonas rein-
hardtii. We identified 174 miRNAs in Volvox, with many of them being highly enriched in gonidia or somatic cells. The tar-
gets of the miRNAs were predicted and many of them were subjected to miRNA-mediated cleavage in vivo, suggesting that 
miRNAs play regulatory roles in the biology of green algae. Our catalog of miRNAs and their targets provides a resource for 
further studies on the evolution, biological functions, and genomic properties of miRNAs in green algae. 
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microRNAs (miRNAs) are small non-coding RNAs that 
play important roles in gene regulation in eukaryotes [1,2]. 
miRNAs are processed from their stem-loop structured 
precursors (pre-miRNAs) by Dicer or Dicer-like proteins 
[3,4] and incorporated into effector complexes that contain 
Argonaute (AGO) family proteins. miRNAs regulate target 
gene expression through mRNA degradation or translation 
inhibition. The mRNA degradation is achieved through 
miRNA-directed cleavage in plants and deadenylation fol-
lowed by mRNA decay in animals [1,2].  
We and others have previously found many miRNAs in a 
single-celled green alga Chlamydomonas reinhardtii [5,6], 
suggesting that the miRNA pathway is an ancient mecha-
nism of gene regulation that has evolved prior to the emer-
gence of multicellularity. Intriguingly, no universally con-
served miRNAs have been found among plants, animals and 
Chlamydomonas [5,6]. This suggests that miRNAs may 
have evolved independently in the lineages leading to ani-
mals, plants, and green algae. 
Chlamydomonas belongs to a conspicuous green algae 
lineage Volvocine, which represents an excellent model 
system for exploring the events during evolutionary transi-
tion from unicellular to multicellular organisms [7]. Volvox 
carteri, the most evolved species in Volvocine, diverged 
from unicellular ancestor nearly 200 million years ago and 
has similar protein coding potentials compared to Chla-
mydomonas [810]. One Volvox spherical colony consists 
of ~2000 cells: 16 large reproductive cells (called gonidia) 
and thousands of small motile somatic cells [9,11].  
To investigate whether miRNA-mediated gene regulation 
is a general mechanism in green algae and how miRNAs 
have been evolved in the green algal lineage, we examined 
miRNAs in Volvox. We profiled small RNAs in Volvox 
spherical colonies, gonidia, and somatic cells, and annotated 
174 miRNAs. We found some miRNAs are enriched in go-
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nidia or in somatic cells, suggesting potential regulatory 
roles for miRNAs in specifying cell types. We predicted 
miRNA target genes and detected miRNA-mediated cleav-
age of some targets. Intriguingly, only one miRNA was 
found to be conserved in Chlamydomonas and Volvox, sug-
gesting the high frequency of birth and death of miRNAs in 
green algae.  
1  Materials and methods 
1.1  Strain and culture conditions 
Volvox carteri (NIES-865) was obtained from National In-
stitute for Environmental Studies (NIES) and cultured in 
MG liquid medium (http://mcc.nies.go.jp/) at 23°C, 48 μE 
m2 s1.  
1.2  Small RNA preparation and cloning 
Gonidia and somatic cells were purified using an estab-
lished method [12]. Total RNAs were extracted from Vol-
vox whole colonies, gonidia and somatic cells using TRIzol 
reagent (Invitrogen, Carlsbad, USA). Small RNAs were 
isolated and cDNA libraries were constructed as described 
[5]. The libraries were sequenced on an Illumina GAIIx 
sequencing platform.  
1.3  Processing of the Volvox genome sequence  
The Volvox genome (version 2.0) was downloaded from the 
JGI Volvox website (http://genome.jgi-psf.org/Volca1/ Vol-
ca1.download.ftp.html). To facilitate data analysis, we 
linked downloaded scaffolds to build an arbitrary genome. 
All analyses described in the text were carried out using 
information extracted from this arbitrary genome. Repeat 
regions and transposable elements of the Volvox genome 
were identified by Repeat Masker (v3.1.3) according to 
RepBase (v10.09) [13].  
1.4  Small RNA analysis  
Low-quality reads generated from Illumina GAIIx were 
discarded and the rest were collected and the adaptor se-
quences were removed. The small RNAs with a length of 
19–27 nt were mapped to the Volvox genome sequences. 
The small RNAs with perfect genomic matches were used 
for further analysis. The relative frequency of each nucleo-
tide at each position of the small RNAs was calculated and 
graphically represented using Weblogo [14]. Relationships 
between small RNAs and annotated genes were determined 
by comparing the genomic loci of small RNAs with the 
BLAST results of gene sequences. Small RNAs derived 
from known non-coding RNAs were identified by compar-
ing small RNAs with the sequences of non-coding RNAs 
collected in Rfam (http://www.sanger.ac.uk/Software/Rfam/) 
[15].  
1.5  Identification of Volvox miRNAs and target genes 
The prediction of Volvox miRNAs and their targets was 
carried out as previously described [5].  
1.6  Quantitative RT-PCR analysis 
Total RNAs were extracted from whole colonies, gonidia 
and somatic cells of Volvox by using TRIzol reagent (Invi-
trogen). Contaminated DNAs were removed by digestion 
with RNase-free DNase (Promega, Fitchburg, USA). RNAs 
were reverse-transcribed by M-MLV (Promega). Quantita-
tive PCR was performed using SYBR Premix EX Taq 
(TaKaRa, Dalian, China) on Mastercyclerep-realplex (Ep-
pendorf, Hamburg, Germany). The sequences of primers are 
listed in Table S1 in Supporting Information.  
1.7  Small RNA Northern blot 
Small RNA for Northern blot analysis was prepared as de-
scribed [5]. 32P end-labeled oligo-nucleotide probes were 
used. The sequences of the probes are listed in Table S1 in 
Supporting Information.  
1.8  Degradome library construction and data pro-
cessing 
Degradome libraries were constructed as described [16,17]. 
After discarding low-quality reads and removing adaptor 
sequences, signatures were mapped to genome sequences 
and mapped reads were treated as dataset for Cleaveland 
[18].  
1.9  Accession numbers  
Small RNA datasets used here were deposited in the Gene 
Expression Omnibus (GEO) repository (http://www.ncbi. 
nlm.nih.gov/geo/) under the following accession number: 
GSE52345.  
2  Results and discussion 
2.1  Small RNAs in Volvox 
To profile small RNAs in Volvox, we purified gonidia and 
somatic cells using an established method [12]. The quality 
of purification was examined by microscopic observation 
(Figure 1A) and the detection of gonidia and somatic cell- 
specific genes (Figure 1B). Small RNAs of 19–28 nt were 
prepared from Volvox spherical colonies, gonidia, and so-
matic cells for construction of cDNA libraries. The libraries 
were subjected to Illumina GAIIx sequencing platform.  
Sequencing reads are mapped to the genome of Volvox 
(http://genome.jgi-psf.org/Volca1/Volca1.download.ftp.html). 
In total, 3316336, 3619150, and 3925000 reads were 
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Figure 1  Small RNAs in Volvox. A, Microscopic photographs of adult Volvox (Volvox carteri f. nagariensis lyengar, NIES-865) spherical colony (left) and 
gonidia (middle) and somatic cells (right). B, Detection of gonidia- and somatic-cell-specific genes in gonidia and somatic cells using quantitative RT-PCR. 
C, Size distribution of Volvox small RNAs in whole colonies (blue), gonidia (red) and somatic cells (green). D, The relative nucleotide bias at each position 
of the small RNAs in whole colonies, gonidia and somatic cells. The graphics were made by using Weblogo [23]. The sequence conservation at each position 
is indicated by the overall height of the stack of symbols (U, A, C and G), while the relative frequency of each nucleotide is represented by the height of the 
corresponding symbol. E, A pie chart summarizing the annotation of small RNA populations in Volvox whole colonies. 
obtained for the spheroids, gonidia, somatic cells, respec-
tively, which represent 317362, 221582, and 248279 unique 
small RNA sequences (Table S2 in Supporting Information). 
Further analyses showed that small RNAs in Volvox are 
predominantly 21–22 nt in length (Figure 1C) and exhibit 
an overwhelming 5′ U bias (Figure 1D). Intriguingly, about 
2/3 of the small RNAs are produced from repeats, especially 
from inverted repeats (Figure 1E; Table S2 in Supporting 
Information). The function of these repeat-derived small 
RNAs remains to be investigated.  
2.2  Identification of miRNAs in Volvox 
We used bioinformatics pipeline that was previously devel-
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oped for annotating Chlamydomonas miRNAs to identify 
miRNAs in Volvox [5]. A total of 174 miRNAs that belong 
to 130 families were annotated (Table S3, Dataset S1 in 
Supporting Information). We found that while some mi- 
RNAs are located in exons or introns of annotated Volvox 
genes, the vast majority of miRNAs are derived from the 
intergenic regions, reminiscent of those in land plants [4]. 
Similar to their counterparts in Chlamydomonas, miRNA 
precursors in Volvox are various in lengths (Figure 2A–C). 
Interestingly, mature miRNAs within the same family are 
located in the same arm of the precursors (Figure 2B), 
which may suggest that they are evolved from a common 
ancestor. We also found many precursors that can produce 
more than one mature miRNAs (Figure 2C). For example, 
Vca-miR14.1 and Vca-miR14.2 are produced from the 5′ 
arm of one precursor, while Vca-miR30-5p and Vca- 
miR30-3p are processed from different arms (Figure 2C; 
Dataset S1 in Supporting Information).  
To confirm the expression of the annotated miRNAs, we 
performed Northern analysis with small RNAs prepared 
from Volvox whole colonies. Sixteen Northern confirmed 
miRNAs were shown (Figure 2D). For some miRNAs 
(Vca-miR2, Vca-miR14.1, and Vca-miR18), more than one 
band were detected, which is consistent with the deep se-
quencing data (Dataset S1 in Supporting Information).  
2.3  Prediction and verification of miRNA targets in 
Volvox 
We and others have previously shown that Chlamydomonas 
miRNAs have extensive sequence complementarities to 
their target genes and can mediate the cleavage of the target 
mRNAs [5,6]. To investigate whether this holds true in 
Volvox, we predicted the target genes of Volvox miRNAs 
using a bioinformatics method that we previously developed 
for predicting Chlamydomonas miRNA targets. Two hun-
dred and forty-three targets were predicted for 60 miRNA 
families (Table S4 in Supporting Information). These pre-
dicted target genes encode proteins that are involved in var-
ious biological pathways (Table S4 in Supporting Infor-
mation).  
Next, we employed a high-throughput “degradome” se-
quencing approach [16,17] to validate the predicted miRNA 
targets. We constructed the cDNA library for degradome 
sequencing as described [16]. High-throughput sequencing 
resulted in 6005274 reads that match to the transcriptome of 
Volvox (http://genome.jgi-psf.org/Volca1/Volca1.download. 
ftp.html). Using Cleaveland, a pipeline for using degradome 
data to find small RNA targets [18], we found that among 
243 predicted targets, 146 had at least one degradome tag 
with a 5′ end that was precisely opposite the 10th nucleotide 
of a miRNA, a typical feature of miRNA-directed cleavage 
(Figure 3; Figure S1–S4 in Supporting Information).  
These data indicate that Volvox miRNAs can regulate 
their targets through mRNA cleavage. However, in light of 
the fact that plant miRNAs can also regulate target genes 
through translation repression while they mediate mRNA 
cleavage [2], it still remains possible that Volvox miRNAs 
could also mediate translation repression. Our data also 
suggest that miRNA-mediated mRNA cleavage is probably 
a conserved mechanism of gene regulation in green algae.  
2.4  Differential expression of miRNAs in gonidia and 
somatic cells 
In plants and animals, some miRNAs are involved in cellu-
lar differentiation [2,19,20]. We have previously shown that 
the expressions of some Chlamydomonas miRNAs are reg-
ulated during gametogenesis [5]. As an initial step towards 
the understanding of the biological function of Volvox 
miRNAs, we investigated whether miRNAs are differen-
tially expressed in gonidia and somatic cells. The expres-
sion levels of the miRNAs were calculated as RPMs (reads 
per million) in two cell types. We found that 49 miRNAs 
are more expressed in gonidia (log2(RPM in gonidia/RPM 
in somatic cell) value1.0, P-value<0.05, Mann- Whitney U 
test, one-tailed), whereas 50 miRNAs are more expressed in 
somatic cells (log2(RPM in gonidia/RPM in somatic cell) 
value1.0, P-value<0.05, Mann-Whitney U Test, one- 
tailed) (Figure 4A; Table S5 in Supporting Information). 
Differential expressions of some of the miRNAs in gonidia 
and somatic cells were further confirmed by Northern blot 
analysis. Consistent with the deep sequencing results, 
Vca-miR2, Vca-miR39, Vca-miR82, and Vca-miR101 were 
mainly detected in somatic cells, whereas Vca-miR35-3p, 
Vca-miR69, Vca-miR49, and Vca-miR105 were more de-
tected in gonidia (Figure 4B). 
To explore the regulatory roles of these differentially ex-
pressed miRNAs, we used quantitative RT-PCR to deter-
mine the expression levels of some of the miRNA targets. 
Interestingly, targets of the gonidia-enriched miRNAs,  
estExt_fgenesh5_synt.C_30114 (Vca-miR19), estExt_ 
fgenesh4_pg.C_290163 (Vca-miR69), estExt_fgenesh4_ 
pg.C_10163 (Vca-miR105), estExt_fgenesh4_pg.C_430047  
(Vca-miR115), and estExt_fgenesh4_pg.C_450074 (Vca- 
miR117), were expressed at higher levels in somatic cells 
than that in gonidia; meanwhile, targets of the somatic cell- 
enriched miRNA, estExt_fgenesh4_pg.C_630062 (Vca- 
miR51) was expressed at higher levels in gonidia than that 
in somatic cell (Figure 4C). The negative correlation of ex-
pression levels of miRNAs and their target genes suggests 
the posttranscriptional regulation of these genes by their 
cognate miRNAs.  
2.5  A miRNA conserved in Volvox and Chlamydomo-
nas 
The identification of miRNAs in Volvox prompted us to 
examine whether any miRNAs are conserved in Volvox and 
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Figure 2  Representative miRNAs in Volvox. AC, Predicted stem-loop structures of selected miRNAs precursors. miRNA and miRNA* are shown in red 
and blue, respectively. Protruding stem-loops in the 3′ arm of the hairpins are marked by slashes (\). D, Confirmation of miRNA expression by Northern blot 
analysis. 32P-labeled 21 and 24 nt RNA oligos were used as size markers.  
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Figure 3  Target plots of Volvox validated miRNA targets. The abundance of each signature from degradome sequencing is plotted and the signatures 
aligned with ±1 positions of miRNA complementary site are combined and shown in red. Alignment of the miRNA and its cognate targets is shown below 
each plot. Circles indicate non-matched nucleotides and colons indicate G:U wobble pairing. Arrows indicate the predicted cleavage sites.  
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Figure 4  Expression of miRNAs in gonidia and somatic cells. A, A histogram showing differentially expressed miRNAs in gonidia and somatic cells. 
miRNAs meeting the criteria (P<0.05 and log2(RPM in gonidia/RPM in somatic cell)1.0 or log2(RPM in gonidia/RPM in somatic cell)1.0) are shown. B, 
Detection of miRNAs in whole colony, gonidia and somatic cells by Northern blot analysis. The relative expression values in gonidia are calculated by 
comparison with those in somatic cells. C, Detection of miRNA target genes in gonidia and somatic cells. Actin was used as an internal control for data 
normalization. Error bars indicate SD (n=3).  
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Figure 5  A miRNA conserved in Volvox and Chlamydomonas. A, Alignment of mature sequences of Vca-miR94 and Cre-miR1167. B, Precursors of 
Vca-miR94 and Cre-miR1167. Sequences corresponding to the mature miRNAs are shown in red. C, Alignment of genomic sequences around Vca-miR94 
and Cre-miR1167. 20 kb up- and down-stream sequences of Cre-miR1167 and Vca-miR94 from Chlamydomonas and Volvox genome were aligned. Yellow 
chevrons and green boxes represent genes and exons, respectively. Red boxes indicate the mature miRNA sequences. Conservation levels were estimated by 
the scrolling window method and plotted with black bars. D, Alignment of the nucleotide sequences within DSPc domain of PTP genes of Chlamydomonas 
and Volvox. Conserved nucleotides are highlighted and the target sites are aligned with miRNAs. Circles indicated non-matched nucleotides and colons 
indicate G:U wobble pairing.
Chlamydomonas. We searched for homologs of Volvox 
miRNAs in Chlamydomonas. To our surprise, only one 
Volvox miRNA (Vca-miR94) shows significant homology 
to a Chlamydomonas miRNA (Cre-miR1167). This suggests 
the very high frequency of birth and death of miRNAs in 
the green algal lineage.  
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The mature sequences of Vca-miR94 and Cre-miR1167 
differ in two nucleotides (Figure 5A). Mature Vca-miR94 
and Cre-miR1167 are both located in the 5′ arm of the pre-
cursors (Figure 5B). In plants, the precursors of orthologous 
miRNAs and their flanking sequences are very often located 
in relatively collinear regions with little rearrangement [21]. 
We thus plotted the alignments of genomic sequences  
(~40 kb) surrounding the Vca-miR94 and Cre-miR1167 to 
evaluate the conservation and divergence in the two species 
(Figure 5C). The genomic sequences near the precursors of 
Vca-miR94 and Cre-miR1167 (~2 kb) show less divergence 
than the sequences out of this region (Figure 5C). These 
results suggest that Vca-miR94 and Cre-miR1167 may be 
evolved from a common ancestor.  
In plants, orthologous miRNAs usually regulate ortholo-
gous target genes [22]. A predicted target of Cre-miR1167, 
Cre-ptp, encodes a tyrosine-specific protein phosphatases 
(PTPase) like protein (Figure 5D), and has a close ortholog 
(Vca-ptp, similarity>97% in protein sequence; Figure S5 in 
Supporting Information) in Volvox. However, despite the 
high similarity of overall sequences, the vast majority of the 
nucleotides in the miRNA binding site in Vca-ptp have been 
substituted and Vca-ptp can no longer be targeted by 
Vca-miR94 (Figure 5D). The evolutionary driving force for 
the loss of miRNA targeting in Vca-ptp is an interesting 
subject for future investigation. 
3  Conclusion 
In this study, we identified 174 miRNAs that belong to 130 
families in Volvox. Two hundred and forty-three target 
genes were predicted for 60 miRNA families. These mi- 
RNA target genes are involved in a variety of biological 
processes, suggesting the importance of miRNA regulation 
in the development of growth of Volvox. Our catalog of 
miRNAs in Volvox as well as the previously identified 
miRNAs in Chlamydomonas provides a foundation for fur-
ther biochemical, genetic, and genomic characterization of 
these RNAs.  
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